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Abstract
Bubble dynamics in pool boiling provides a suitable platform for researchers to understand the mechanisms of subcooled boiling heat transfer. Besides, the effects of nanoparticles on this phenomenon have not been fully understood yet. In this study, the effect of TiO2 nanoparticles (with two weight fractions, 0.002% and 0.005%) mixed in de-ionized water during subcooled pool boiling on a thin platinum wire with a diameter of 250 µm was experimentally investigated for working bulk fluid temperatures between 30-50°C at atmospheric pressure, and new bubble dynamics phenomena were reported. Applied heat fluxes varied from onset of nucleate boiling point to higher heat fluxes up to nucleation jet flow. The experiments were visualized with a high speed camera system, and acquired videos and images were utilized for analysing prevalent phenomena, such as bubble-bubble and nucleation site-bubble interactions, surface tension and Marangoni convection, structural disjoining pressure, pinning and nanoparticles deposition effects as well as the main mechanisms. In general, migration, coalescence, leaping and detaching were recorded for nanofluids with weight fractions of 0.002 wt.% and 0.005 wt.%, while oscillation, dancing and stick processes were exclusively observed only in nanofluids with a weight fraction of 0.005 wt.%. The images, results, and related discussion provide new knowledge and physics for pool boiling phenomena on platinum fine wires in the presence of nanoparticles.
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1 Introduction
Despite being one of the most investigated topics in heat transfer studies by virtue of its potential of removing large amount of heat, many principles and mechanisms of boiling phenomenon remain elusive due to its complexity. Nucleate boiling has crucial importance in many fields such as manufacturing, power plants, nuclear reactors, refrigeration and chemical processing [1–3]. However, limited fundamental studies have been performed on bubbles dynamics and their effects on boiling heat transfer. On the other hand, alternative solutions were sought to augment heat transfer such as changing the surface by deposition of materials [4] or coating nano/micro porous structures [5], adding nanoparticles to the base fluids [6], using pin fins [7], jet impingement [8], taking the advantage of secondary or turbulent flows [9].
Nanofluids, which are prepared by dispersing nanoparticles into base fluids, have shown promising features from the heat transfer perspective in terms of thermophysical properties such as thermal conductivity and heat capacity [4,10–13]. Generally, the thermal conductivity of employed nanoparticles is higher than that of base fluids, such as water, ethanol and engine oil, and underlying mechanisms for enhancement in thermal conductivity of nanofluids can be attributed to layering at the solid/liquid interface, ballistic phonon transport, Brownian motion of the nanoparticles at the molecular and nano-scale level [14,15]. 
Nanoparticles within nanofluids can alter the heated surface characteristics leading to deposition of a thin layer of nanoparticles and influence the single-phase, flow and pool boiling heat transfer. According to many experimental studies, upon deposition of nanoparticles, a porous layer deposits on the surface and leads to a decrease in nucleation sites density [16,17]. Besides, the deposited layer introduces an extra thermal resistance. The aforementioned factors are found to be leading reasons behind pool boiling heat transfer deterioration. On the other hand, nanoparticles deposition, which can result in a decrease in contact angle, can cause an improvement in surface wettability and subsequent pool boiling critical heat flux (CHF) enhancement [18,19]. Another possible mechanism of this enhancement can be attributed to nanoparticle pinning effect at the contact line region owing to structural disjoining pressure, which is generated by ordered layering of nanoparticles in the evaporation meniscus contact line [20,21]. In addition, disjoining pressure enhances spreading and changes the force balance near contact line [22]. Furthermore, it is known that the deposition of nanoparticles and nanoparticle thin film coating affect surface roughness [16], wettability [17,23] as well as receding and advancing contact angles [23]. 
Unlike saturated boiling, the presence of temperature gradients along the bubble interface in subcooled boiling leads to Marangoni convection, which is a major heat transfer mechanism in this regime. Following natural convection regime, bubbles arise from the nucleation sites along with the augmentation of the heat flux. A bubble, which is attached to a heated surface and exposed to subcooled fluid from its cap, is subjected to condensation from its cap and evaporation from its base. However, in the case, where non-condensable gases are present inside the bubble, they accumulate near the condensation surface, inhibit condensation leading a temperature gradient at the bubble interface and hence induce a Marangoni convection around the bubble [24].
Some of the interesting events observed in de-ionized (DI) water based pool boiling experiments related to bubble dynamics are sliding [25–31], oscillation [30,32,33], collision [25,26,29–31], leaping [30,31,34–36] circling [37,38] accompanied with bubble top jet flow [12,13,14,15]. However, only few investigations have been conducted with nanofluids [39].  The common point of these pioneering studies is that Marangoni convection plays a major role in subcooled pool boiling and augments heat transfer. However, more studies on the investigation of bubble-bubble interactions and nucleation site-bubble interactions are crucial to fully understand the Marangoni convection and its contribution to heat transfer. 
The goal of this study is to provide detailed information about bubble dynamics on a platinum wire and give insight about bubble-bubble interactions and nucleation site-bubble interactions as well as the role of nanoparticles in this bubble dynamics at different applied heat fluxes and bulk temperatures (between 30-50°C) using TiO2 nanoparticles/water nanofluids with two weight fractions (0.002% and 0.005%). Migration, collision, coalescence, leaping, oscillation and dancing of bubbles were presented and fundamentally discussed, with emphasis on physical mechanisms.

2 Experimental Method
2.1 Apparatus and procedure
The experimental tests were conducted using a pool boiling facility, which consists of a boiling chamber, a platinum wire, a cartridge heater, two thermocouples, a DC power system and a high speed visualization system (Fig. 1). The boiling chamber includes a cylindrical pressure vessel of stainless steel with transparent glass windows on front and back and a valve at the top for charging the system with working fluid, which is nanofluid consisting of a base fluid (water) and TiO2 nanoparticles with mass fractions of 0.002 wt.% or 0.005 wt.%.   A platinum wire having a diameter and length of 250 µm and 80 mm, respectively, is placed into the chamber. A cylindrical cartridge heater attached to a thermostatic control system as well as a thermocouple at the top left of the chamber is embedded at the bottom right of the chamber for preheating the working fluid. Another thermocouple is connected to a thermometer to check the fluid bulk temperature. Heating for the wire is provided using a DC power supply connected to the ends of the wire. A high-speed camera (Phantom V4) with a frame rate of 1000 fps and resolution of 512×512 pixels is utilized to record boiling images. 
The boiling chamber is filled with nanofluid, with concentration of 0.002 wt.% or 0.005 wt.%, to a level about 2.5 cm above the wire and is heated up by setting the thermostatic controller to the desired fluid bulk temperature. Bulk temperatures are chosen as 30, 35, 40, 45 and 50 °C in this study. By altering the voltage and current, heat flux is applied to the wire. The backlight is adjusted for visualization and the focus was on the bubbles with the use of the high speed camera and appropriate lenses. Image post processing is done utilizing both PCC 2.7 and ImageJ software. Bubble average speeds are measured with the PCC 2.7 software based on the distance covered by a bubble within 30 ms. All the experiments are conducted at atmospheric pressure.


Fig. 1. (a) Schematic and (b) an image of the pool boiling experimental setup.

2.2 Nanofluid preparation and characterization
Spherical rutile TiO2 nanoparticles were purchased in powder form (Ionic Liquids Technologies, io-li-tec GmbH, Germany) and have an average diameter of 10-30 nm, they were mixed with DI water. To achieve the desired weight fraction of the nanofluids (0.002 and 0.005 wt.% in this study), nanoparticles with the required mass were dispersed in a specific amount of DI water. DI water was degassed for one hour prior to the nanofluid preparation. Accordingly, the liquid was added in the degassing glass chamber and was heated by the heating coil. In order to avoid any agglomeration and to provide a homogenous dispersion, a two-step procedure was implemented. In the first step, the mixture of degassed DI water and nanoparticles was exposed to sonication (Fisher Scientific Ltd., cat. no. FB15047) for one hour. In the second step, a magnetic stirrer was used to mix the nanoparticles in degassed DI water for another hour. Additionally, one of the options of the sonicator is “degas” mode, which was also used during the first step of nanofluid preparation. No additives such as surfactants were used in this study. 
To analyse nanoparticles size distribution, scanning electron microscopy (SEM) image of the nanoparticles was taken before dispersing in water, Fig. 2a. Furthermore, the hydrodynamic diameter of the dispersed nanoparticles was measured with a dynamic light scattering (DLS) equipment (Nanosizer 90PLUS/BI-MASS, Multi angle particle sizing option, Brookhaven Instruments Corporation, USA), Fig. 2b. The hydrodynamic diameter of nanoparticles is typically bigger than the solid diameter due to existence of nano-layer around the solid particles and some agglomeration due to the employment of the DLS technique.  The average of the measurements (out of three measurements) is plotted in Fig. 2b. The peaks of the DLS measurements are at 214 nm and 117 nm for nanofluids with weight fraction ratios of 0.002% and 0.005%, respectively. Nanofluids with weight fraction ratios of 0.002% and 0.005% are labelled as NF-I and NF-II for simplification. Scanning electron microscopy image energy-dispersive X-ray spectroscopy (EDX) measurements of the used platinum wire before and after the experiments (TiO2 nanoparticles deposition) are shown in Figs. 3a and 3b, respectively. Additionally, energy-dispersive X-ray spectroscopy (EDX) measurements of platinum wire (before and after the experiments) are provided in Table. 1.

Fig. 2. (a) Scanning electron microscopy (SEM) image of TiO2 nanoparticles and (b) Dynamic light scattering (DLS) measurements of TiO2/water nanofluids with mass fraction ratios of 0.002% and 0.005%.


Fig. 3. Scanning electron microscopy (SEM) images of platinum wire: (a) before and (b) after experiments (TiO2 nanoparticle deposition on the wire).

Table 1. Energy-dispersive X-ray spectroscopy (EDX) measurements of platinum wire with TiO2 nanoparticle deposition after the experiments.
Sample area	Pt (wt.%)	Ti (wt.%)	O (wt.%)
#1	22.9	6.1	71.7
#2	49.1	1.5	49.1
#3	23.0	3.8	73.2
#4	54.7	2.4	42.8
#5	6.2	4.0	89.8
#6	24.8	3.6	71.6
Average	30.1	3.6	66.3

3 Results and Discussion
3.1 TiO2 nanoparticles/water nanofluid with mass fraction of 0.002 wt.%
3.1.1 Lateral migration
Upon inception, bubbles grow up to a critical size at nucleation sites. Collision is usually observed at relatively lower heat fluxes in NF-I. After motion, depending on the existence of another bubble in the vicinity or a cold source (wall) at the end of the wire, bubbles migrate towards another bubble along the wire and experience acceleration, constant speed and deceleration, respectively, under the influence of the forces, which will be discussed later on. When the moving bubble encounters another bubble, it reverses its direction and continues its migration in the other direction, along with acceleration. An increase in heat flux results in an increase in bubble velocity. A bubble migration is demonstrated in Fig. 4 for NF-I bulk temperature of 40oC and heat flux of q´´=423 kW/m2. A bubble approaches with a constant velocity of 26 mm/s (t ms) to a stationary bubble, decelerates until its stops (t+232 ms), reverses its direction, accelerates up to a velocity of 24 mm/s and carries on moving.

Fig. 4. Bubble lateral migration and encounter. (φ=0.002 wt.%, Tf=40ºC, q´´=423 kW/m2)

A newly formed bubble is subjected to heat from its base and grows through evaporation. Unlike saturated boiling, when a growing bubble reaches to a certain size, at which the bubble cap is exposed to cooler liquid, it tends to shrink in subcooled boiling. When condensation from the bubble cap is hindered, convection, which is called thermocapillary convection occurs from a higher to lower temperature zone along the interface. Marangoni convection originates from surface tension gradient at the interface between liquid and vapour phases, which depends on either concentration or temperature. The temperature gradient between the fluid surrounding bubble base (hot liquid layer) and cap causes thermocapillary convection, and concentration gradients between the surrounding nanofluid of bubble base and top generates solutocapillary effect. Marangoni convection is a combination of thermocapillary and solutocapillary effects. The resulting event is called top jet flow and has a tail-like appearance on the bubble. It is speculated that the presence of non-condensable gases inside bubbles, which decreases condensation heat transfer coefficient and disturbs the uniformity of surface temperature distribution, gives rise to Marangoni convection, which has an important role in heat transfer [24]. Although this phenomenon depends only on the temperature in pure liquids (thermocapillary), both of the concentration and temperature affect Marangoni convection in nanofluids [39].
The forces are illustrated in Fig. 5. Both vertical and horizontal components of the forces are taken into account. The magnitude of each force depends on experimental conditions in the system. Buoyancy force acts in an upward direction, while both gravity and the vertical component of Marangoni forces act in a downward direction. Microgravity studies showed that gravity force had a little effect on bubbles compared to Marangoni force [40–43]. It would be more accurate to label this as Marangoni thrust force, instead of Marangoni force since it is believed that Marangoni convection exerts a thrust force on the bubble. The vertical component of Marangoni force prevents the bubble from rising under the influence of buoyancy [25,26,28–30,44,45].
Regarding the horizontal components of the forces acting on bubbles, the horizontal component of Marangoni force acts on the bubble to promote migration. On the other hand, drag friction forces act on the bubble in the opposite direction. Furthermore, the contact line force acts at the interface, tangent to the surface around the bubble and changes its magnitude with a change in advancing and receding contact angles in the case of a moving bubble due to differences in these contact angles. The horizontal component of Marangoni force plays a major role in the migration of bubbles on the wire. In addition, as the bubble moves, the temperature in front of the bubble will be higher than temperature behind the bubble. Therefore, Marangoni convection is anticipated to be more vigorous in front of the bubble thus generating a pressure gradient  [28].

Fig. 5. Forces acting on a bubble on the wire in pool boiling.

Drag force acts on the moving bubble in the opposite direction of the horizontal component of Marangoni force. In the acceleration process, Marangoni force is greater than the drag force owing to the reason that temperature gradient in front of the bubble is higher than that behind the bubble, thereby generating a stronger Marangoni force. The drag force increases with bubble velocity and with bubble diameter during the growth process. Meanwhile, as the bubble approaches another stationary bubble, the temperature gradient decreases resulting in a decrease in Marangoni force, since the stationary bubble acts as a cold source. When Marangoni and drag forces balance each other, the velocity of the bubble becomes constant. When the moving bubble encounters the stationary bubble, temperatures in front of the bubble becomes lower than those behind the bubble. As a result, the bubble stops. After that, the bubble moves to the opposite direction. With the addition of nanoparticles to pure water, additional forces come into play.
Nanoparticle deposition is expected to be more pronounced at higher concentrations in this study. Thus, the friction force in NF-II should be greater than NF-I resulting in an increase of sticking bubbles on the wire. Deposition of TiO2 nanoparticles on the heated surface, increases the wettability, hence increasing the contact angle. Therefore, in addition to drag force, contact line force and friction force are additional resistive forces in the case of nanofluids as working fluids. Furthermore, increasing nanofluid concentration promotes these resistive forces.
The porous layer due to nanoparticle deposition depends on concentration, heat flux and surface temperature [4]. It is known that increasing the concentration leads to an increase in surface wettability, the possibility of filling the cavities with liquid, and subsequent decrease in the number of nucleation sites. Due to collection of nanoparticles in a confined wedge, structural disjoining pressure is introduced as a mechanism along with the pinning effect in the contact line region [20,46,47].
Our observations indicate that two different scenarios for bubble interactions exist; a bubble moving towards a stationary bubble (Case 1), Fig. 4, and two bubbles initially moving in the same direction (Case 2), Fig. 6. It is worth mentioning that Case 2 is often observed when the leading bubble is smaller than the bubble following leading it. These cases were also observed in other studies, where the working fluid was water [25,26,30,48,49]. As can be seen in Fig. 6, at t ms, a stationary bubble (bubble I) with a velocity of 35 mm/s approaching a nucleation site where the jet flow is evident. Then, the stationary bubble encounters with a newly formed bubble (bubble II) at the nucleation site (t+24 ms), bubble II moves away from bubble I, because bubble I perturbs the uniform temperature distribution around bubble II and generates Marangoni force on bubble II enough to overcome the contact line force, while bubble I continues its motion (t+31 ms). Bubble II continue growing while moving, since it absorbs heat from the wire and hot liquid layer, hence the temperature of the wire becomes lower. The decrease in the wire temperature has two effects on bubbles: the speed of bubble II is reduced, while the speed of bubble I speed increases. When bubble II is far enough away from bubble I, it stops. On the other hand, bubble I continues with its motion at the same time (t+47 ms). After that, a second encounter of bubbles occurs at t+72 ms. However, this time, bubble I reverses its direction, whereas bubble II continues its motion.

Fig. 6. Encounter of moving bubble (I) with a newly nucleated bubble (II) after pre-jet event (t+24 ms), second encounter of the same bubbles (t+72 ms) and change in their directions (t+101 ms). (φ=0.002 wt.%, Tf=30ºC, q´´=739 kW/m2)


Bubbles can migrate not only above (and along) the wire, but also under the wire as seen in Fig. 7. However especially at low heat fluxes, bubbles usually migrate above the wire due to buoyancy. There is weaker Marangoni convection under the wire due to the fact that boundary layer under the wire is smaller than that on top of the wire. Increasing heat flux causes an increase in the number of nucleation sites and creates enough temperature gradients under the wire.

Fig. 7. Nucleation and lateral migration of a bubble under the wire in the nanofluid.
(φ=0.002 wt.%, Tf=35ºC, q´´=1160 kW/m2)


3.1.2 Bubble coalescence
Based on our observations, different types of coalescence take place: two bubbles moving towards each other (Case 1), Fig. 8a, a smaller bubble following a bigger one (Case 2), Fig. 8b, a bigger bubble following a smaller one (Case 3), Fig. 8c, two leaping bubbles moving towards each other, (Case 4), Fig. 8d, two leaping bubbles moving in the same direction (Case 5), Fig. 8e. The common feature of all the cases is that the size of the eventually formed bubble after the coalescence is smaller than the sum of the sizes of original bubbles, sometimes even smaller than the size of the originally bigger bubble, due to the mass transfer after coalescence in the form of flung small bubble or vapor pack.
Figure 8a. shows the coalescence of two bubbles as well as a small remaining bubble after the coalescence in NF-I at a bulk temperature of 30ºC and a heat flux of q´´=869 kW/m2. Two bubbles moving towards each other (t ms and t+7 ms). After coalescence of these two bubbles (t+8 ms), interestingly, a small bubble (bubble IV) is flung out of the newly formed bubble (bubble III). Then bubble IV continues growing (t+9 ms) at the same position, while bubble III moves away from bubble IV. This observation indicates that not only momentum of initially moving bubbles but also remaining bubbles could determine the migration direction of the formed bubble since the remaining bubble can alter the wire temperature and guide the formed bubble. Similarly, this event can also be seen in Fig. 8b and Fig. 8d. Nevertheless, sometimes instead of a bubble, a vapour pocket can be flung, as seen in Figs. 8c and 8e.

Fig. 8. Cases corresponding to:
(a) coalescence of two moving bubbles in the opposite direction (Tf=30ºC, q´´=869 kW/m2),
(b) coalescence of two moving bubbles in the same direction (Tf=40ºC, q´´=1003 kW/m2),
(d) coalescence of two leaping bubbles in the opposite direction (Tf=35ºC, q´´=888 kW/m2),
and cases with jets after:
(c) coalescence of two moving bubbles in the same direction (Tf=40ºC, q´´=1003 kW/m2),
and (e) coalescence of two leaping bubbles in the same direction (Tf=35ºC, q´´=1029 kW/m2).
(φ=0.002 wt.%)

The surface tension for liquids decreases as the temperature increases. At moderate heat fluxes, q´´>450 kW/m2, the temperature gradient near the bubbles is greater resulting in an increase in Marangoni force, which drives the bubbles to high temperature regions with lower surface tension. Velocity and momentum of the bubbles increase with greater Marangoni force. Moreover, an increase in the temperature leads to a decrease in the velocity, subsequently, the drag force at moderate heat fluxes is lower. A radial temperature profile occurs around the bubbles where the bubble itself is the hottest [50–52]. Generally, bubbles adopt spherical or spherical-like shapes in order to minimize their surface free energy. When coalescence takes place, the surface free energy of the merged bubble is lower than the total free surface energy of the separate bubbles. At relatively low heat fluxes, when the moving bubble encounters another bubble, it reverses its direction and continues its migration to the other direction, along with acceleration. In this case, the inertia of the moving bubble cannot overcome the reversal in Marangoni force:  Thus, moving bubble reverses its direction [49]. In another case, a stationary bubble starts to move away from the approaching bubble due to the fact that the temperature distribution around the stationary bubble is now not symmetric leading to a Marangoni force, which overcomes the contact line force [49]. Increasing the heat flux typically results in an increase in the bubble speed. Hence, coalescence takes place instead of repulsion.
3.1.3 Bubble leaping
Our observations indicate that two types of leaping behaviour of bubbles exist (at relatively high heat fluxes (q´´>900 kW/m2)): vertical leaping (Case 1), Fig. 9, vertical and horizontal leaping (Case 2), Fig. 10. Typically, in Case 1, the bubble jumps away from the wire in the vertical direction and then returns to the wire, which occurs periodically. Behaviour described in case 1 is usually observed at nucleation sites with a bubble, which has a diameter much smaller than the wire diameter. Figure 9 presents Case 1 at NF-I bulk temperature of 35ºC and heat flux of q´´=1029 kW/m2. The bubble emerges at the nucleation site at t ms and suddenly jumps away from the wire in the vertical direction (t+1 ms). When the bubble is exposed to the cooler fluid, its size diminishes due to condensation (t+1 ms). Following this, the events of a second hopping (t+11 ms) and returning back to the wire (t+16 ms) can be observed. This periodic behaviour terminates with bubble detachment or shifts to bubble migration.
Obviously, nucleation jet and its intensity affect the vertical leaping of bubbles. The lift off of the bubbles is initiated by nucleation jet flow. However, the difference between the surrounding fluid temperatures of the bubble base and its cap is still present, and thus, temperature gradient generates a great enough Marangoni force on the bubble to push it along the wire. It is expected that the contact angle of the bubble decreases with the introduction of nanoparticles to water at low concentration. Therefore, the vertical component of the contact line force slightly increases. In addition, non-condensable gases in the bubble may increase the temperature gradient around the bubble and this fact may play a major role in facilitating the bubble reattachment process. 

Fig. 9. Leaping a bubble vertically without moving in horizontal direction.
(φ=0.002 wt.%, Tf=35ºC, q´´=1029 kW/m2)

Figure 10 demonstrates Case 2 at a NF-I bulk temperature of 35ºC and a heat flux of q´´=979 kW/m2. The tail of a bubble, which is attached to the wire, with a size of 718 µm (Fig. 10) is different from a typical tail of a sliding bubble, due to its continuous motion in both horizontal and vertical directions. During the horizontal motion, the bubble detaches from the wire up to a height of approximately 90 µm. There, its diameter decreases slightly down to 656 µm (t+2 ms). Thereafter, the bubble attaches back to the wire and its size increases up to approximately the initial diameter (t+4 ms). This behaviour (leaping) continues periodically until the bubble stops leaping because of approaching a nucleation jet (Fig. 11) or merging another bubble (Fig. 12). 

Fig. 10. Leaping of a big bubble on the wire (above) due to existence of nucleation sites as initiator of leaping process, and schematic of the periodic leaping process at positions I, II and III (below). (Diameter difference during the leaping because of the effect of condensation) (φ=0.002 wt.%, Tf=35ºC, q´´=979 kW/m2)


Fig. 11. A leaping bubble eliminates the jet and its volume decreases down to 14%.
(φ=0.002 wt.%, Tf=35ºC, q´´=1029 kW/m2)

Figure 12 shows the coalescence of two leaping bubbles in NF-I bulk temperature of 35ºC and heat flux of q´´=1160 kW/m2. Two leaping bubbles approach each other (t ms and t+1 ms). When evaluating bubble size there is indication that the bigger bubble shrinks more when it reaches its maximum height in the leaping process just before the coalescence, probably due to the Marangoni convection of the other bubble (t+2 ms). When these two bubbles coalesce at t+5 ms, the newly formed bubble stops and shrinks until it reaches a size which is smaller than the initially leaping bigger bubble, at t+17 ms and then it starts to migrate without leaping. 

Fig. 12. Merging of two leaping bubbles and the merged bubble without leaping on the wire in nanofluid. (φ=0.002 wt.%, Tf=35ºC, q´´=1160 kW/m2)

Both Case 1 and Case 2 are usually initiated by nucleation jet flows. Figure 13 displays the nucleation jet effect on bubble leaping in NF-I at a bulk temperature of 35ºC and heat flux of q´´=1160 kW/m2. A bubble with a size of 345 µm approaches the nucleation jet at t ms and then it stops near the nucleation jet while its diameter decreases down to 326 µm (t+19 ms). After that, it passes the nucleation site while its diameter increases up to 460 µm and leaping starts (t+30 ms). A bubble gets bigger when passing over a nucleation site due to feeding with vapour from the nucleation site. With time, the jet flow applies a lift force. The combination of this force and buoyancy force raises the bubble above the wire. The diameter of the bubble decreases above the wire due to condensation. Then Marangoni thrust force, which is now larger than the combination of lift and buoyancy forces, pushes the bubble back to the wire. Another important parameter in this process may be the accumulation location of non-condensable gases, which deteriorate phase change heat transfer [24]. Weaker Marangoni thrust force results in the more uniform temperature distribution on the bubble surface due to higher condensation heat transfer coefficient. Leaping can be observed for both mass fractions as well as for the pure base fluid.  A major observation regarding the nanoparticle effect is the decrease in contact angle during leaping. The effect of the nucleation site on leaping bubble does not diminish instantly so that the bubble can jump for many times as seen in Fig. 10.

Fig. 13. Decrease in diameter, leaping and increase in diameter of a bubble due to a nucleation jet. (D1=345 µm, D2=326 µm, D3= 460 µm) (φ=0.002 wt.%, Tf=35ºC, q´´=1160 kW/m2)

3.1.4 Nucleation jet-bubble interactions
Nucleation jet-bubble interactions have not been paid enough attention in the literature. However, not only inception of the leaping process, Fig. 13, but also usually detachment of bubbles are affected by nucleation jets. Furthermore, some other interesting phenomena regarding nucleation jet-bubble interactions, such as bubble 3D motion near the nucleation jets, Fig. 14, and bubble oscillation between two nucleation jets, Fig. 15 can be observed.
As can be seen in Fig. 14, in NF-I at a bulk temperature of 35ºC and an applied heat flux of q´´=1003 kW/m2, a bubble with a diameter of 345 µm approaches a nucleation site (t+11 ms). After reaching the nucleation site it stops because the nucleation jet makes the wire cooler there, and its diameter decreases down to 307 µm (t+26 ms). Interestingly, this bubble performs a 3D motion, turns and passes the nucleation site from the side of the wire (from t+43 ms to t+54 ms).

Fig. 14. 3D turn of a bubble over a nucleation site and decrease in the bubble size.
(D1=345 µm, D2=307 µm) (φ=0.002 wt.%, Tf=35ºC, q´´=1003 kW/m2)

In Fig. 15, a bubble moves on the nucleation jet I at a velocity of 33 mm/s (t ms). When it encounters the nucleation jet I, it stops and its volume decreases (t+38 ms). Thereafter, it reverses its direction and moves to the nucleation jet II at a speed of 35 mm/s along with an increase in its volume (t+73 ms). Likewise, when it encounters the nucleation jet II, it stops and its volume decreases (t+101 ms). This bubble oscillation process continues until this bubble coalesces with another moving bubble.

Fig. 15. Oscillation of a bubble between two nucleation jets.
(φ=0.002 wt.%, Tf=35ºC, q´´=1160 kW/m2)

The detachment process occurs when a bubble reaches a critical size and buoyancy force overcomes capillary forces. Besides the buoyancy force, lifting forces also initiate the bubble detachment process. Lifting forces arise either from the nucleation jet, Fig. 16, or coalescence impact, Fig. 17. In this process, Marangoni thrust force and contact line force act as the major resistive forces.

Fig. 16. Detaching a bubble (B) above the jet nucleation site, and decreasing its diameter after detachment process. (φ=0.002 wt.%, Tf=35ºC, q´´=1160 kW/m2)


Fig. 17. Detachment a bubble (t+21 ms) after coalescence (t+17 ms).
(φ=0.002 wt.%, Tf=45ºC, q´´=745 kW/m2)

3.2 TiO2 nanoparticles/water nanofluid with mass fraction of 0.005 wt.%
Many of the features of bubble dynamics in NF-I are also present in NF-II. Thus, repetition of these observations is avoided. However, it is worth to state that the frequency of the events is not the same. Furthermore, some additional features exist only in NF-II, which will be provided in detail in the following section.
3.2.1 Oscillation
In the case of two stationary bubbles close to each other, a bubble in between can oscillate periodically as it goes towards one stationary bubble, collides and reverses its direction to the other bubble. Nanoparticles seem to facilitate this behaviour, since deposition of nanoparticles increases the friction force and reduces contact angle, which raises the contact line force, thereby allowing for the formation of more stationary bubbles. This effect is more obvious in nanofluids with a higher mass fraction. In fact, solid-like ordering of the nanoparticles occurs in the three-phase contact region [53]. An explanatory figure associated with bubble oscillation is given in Fig. 18 at a NF-II bulk temperature of 35ºC and an applied heat flux of q´´=832 kW/m2. Bubble I oscillates between two stationary bubbles with different sizes. Bubble I approaches the bigger stationary bubble at t ms and stops at t+25 ms. Then it changes its moving direction to the smaller stationary bubble. When it encounters with smaller stationary bubble, again it stops (t+71 ms) and reverses its direction in the other direction. This cyclic process however terminates suddenly, at t+230 ms and bubble I sticks on the wire. Meanwhile, bubble II also oscillates between two stationary bubbles (one stationary bubble is not present in the figure) in the time period between t+71 ms and t+690 ms. By looking at the bubble at t+117 ms, t+290 ms and t+493ms, it can be seen that distances are interestingly not the same and the velocity of bubble II changes slightly, probably due to deposition and/or pinning effect of nanoparticles. This event can be observed in different sequences involving different bubble sizes, Fig. 19. On the other hand, in some cases, bubble oscillations between a stationary bubble and a point without any bubble or nucleation site (probably because of the deposition) is also seen, Fig. 20. Additionally, in some other cases, bubble oscillation is observed not only above the wire but also under the wire, Fig. 21. Furthermore, the inception of oscillations is presented in Fig. 18. Bubble IV holds still until the time t+660 ms under the wire. However, when bubble III returns back after the approach of the stationary bubble, which is above the wire, bubble IV goes upward the wire and starts to migrate and oscillate between the two stationary bubbles.

Fig. 18. Oscillation of bubble I between two stationary bubbles (t ms to t+215 ms) and its sticking due to effect of deposition (t+230 ms), oscillation of bubble II from different positions due to nanoparticle deposition or pinning effect (t+290 ms position versus t+560 ms), turning of stopped bubble IV at t+675 ms due to Marangoni flow of bubble III (t+660 ms). (Dash-lined arrows represent the stationary bubbles.) (φ=0.005 wt.%, Tf=35ºC, q´´=832 kW/m2)


Fig. 19. Oscillation of a bubble between two stationary bubbles with different distances due to effect of nanoparticles deposition. (φ=0.005 wt.%, Tf=35ºC, q´´=832 kW/m2)


Fig. 20. Oscillation of a bubble between a stationary bubble and a point of deposition instead of between to stationary bubbles. (Dash-lined arrows represent the stationary bubbles.)
(φ=0.005 wt.%, Tf=35ºC, q´´=832 kW/m2)


Fig. 21. Oscillation of bubble between stationary bubbles under the wire in the nanofluid. (Dash-lined arrows represent the stationary bubbles.) (φ=0.005 wt.%, Tf=35ºC, q´´=1774 kW/m2)

3.2.2 Coalescence
Coalescence takes places at relatively higher heat fluxes, q´´>700 kW/m2. This event is more common in NF-I than NF-II since unlike bubbles in NF-I, bubbles in NF-II tend to oscillate and stick more than making translational motion. Regarding to coalescence of bubbles in NF-II, our observations indicate that Case 1 to Case 5, which are explained for NF-I experiments, are also present in NF-II. In addition to those cases, an interesting coalescence event is recorded for NF-II, as shown in Fig. 22. A bigger bubble with a velocity of 38 mm/s follows a smaller bubble with a speed of 27 mm/s at t ms at the NF-II bulk temperature of 35ºC and heat flux of q´´=976 kW/m2 in Fig. 22a. When the bigger bubble approaches the smaller one, it suddenly jumps (t+14 ms) and coalescence occurs at t+19 ms. This event is also observed at higher heat fluxes (q´´=1283 kW/m2), as can be seen in Fig. 22b. This can be related to the change in Marangoni force and surface tension force due to the effect of nanoparticles deposition in vertical direction, which results in the jump before coalescence.

Fig. 22. Merging by the jump of: (a) big bubble at q´´=976 kW/m2 and (b) big bubble at q´´=1283 kW/m2, during lateral migration on the wire. (φ=0.005 wt.%, Tf=35ºC)

3.2.3 Stick
Another important bubble behaviour in NF-II unlike NF-I is bubble sticking behaviour on the wire possibly due to augmentation of both friction force associated with nanoparticle deposition and horizontal component of contact line force. Increasing nanoparticle mass fraction gives rise to a decrease in of contact line and subsequently elevates the contact line force. Therefore, Marangoni thrust force is not sufficient to overcome resistive forces of friction and contact line forces. Furthermore, pinning effect generated by disjoining pressure also generates a resistive effect. In Fig. 23, while bubble I moves with a velocity of 29 mm/s, bubble II sticks on the wire. At t+18 ms, bubble I sticks and bubble II migrates with a velocity of 22 mm/s. Finally, after 52 ms, bubble II sticks, too.

Fig. 23. Sticking bubbles I (t+18 ms) and II (t+70 ms) after sliding due to nanoparticles deposition and/or pinning effect. (φ=0.005 wt.%, Tf=35ºC, q´´=1417 kW/m2)

Not only sticking behaviour but also stick-slip-like behaviour of bubbles is recorded in this study. However, based on the detailed investigation of the motion of bubbles, it can be hypothesized that nucleation jets (Fig. 24) or tiny bubbles (Fig. 25) may be responsible factors for this event.

Fig. 24. Stick-slip-like behaviour of a bubble. (φ=0.005 wt.%, Tf=45ºC, q´´=770 kW/m2)


Fig. 25. Stick-slip-like behaviour of a bubble on the wire. (φ=0.005 wt.%, Tf=35ºC, q´´=976 kW/m2)

3.2.4 Dancing
Bubble-bubble interactions may result in another interesting behaviour of bubbles: dancing. Bubbles oscillate along a very small distance even in 3D but not periodically, Fig. 26b, or shake, Fig. 26a. The main reason can be attributed to another bubble, which oscillates between the dancing bubble and another one or coalesce with a dancing bubble. In case of coalescence, a dancing bubble can be described as oscillating in a very small area, since small bubbles can approach to a dancing bubble from any direction, even from underneath the wire. On the other hand, if a bubble oscillates between two bubbles, one or both of them may exhibit shaking behaviour.   

Fig. 26. (a) Dancing of a bubble on the wire (i) and its motion (ii) positions I, II and III, (b) mini-oscillation of a bubble (i) due to oscillation of another bubble and its motion (ii) positions I and II. (φ=0.005 wt.%, Tf=35ºC, q´´=2015 kW/m2)

4 Conclusion
In the present study, subcooled boiling experiments were performed on a fine platinum wire with a diameter of 250 µm at fluid bulk temperatures between 30-50°C and atmospheric pressure. According to our experimental observations, it can be concluded that mechanisms such as bubble-bubble and nucleation site-bubble interactions, surface tension, Marangoni convection, accumulation of non-condensable gases inside the bubbles, structural disjoining pressure, pinning and nanoparticles deposition and underlying forces play an important role in bubble dynamics and pool boiling. Bubble dynamics events including migration, coalescence, leaping and detachment are common in the nanofluids with mass fractions of 0.002 wt.% and 0.005 wt.%. On the other hand, oscillation, dancing and sticking processes are observed only in the nanofluid with a higher mass fraction of 0.005 wt.%, which presents the nanoparticle effect on bubble dynamics. Major conclusions drawn from this study can be summarized as follows:
	In the coalescence process, the size of the eventually formed bubble after the coalescence is smaller than the sum of the sizes of original bubbles, sometimes even smaller than the size of the originally bigger bubble due to the mass transfer with the form of vapor pack or small bubble flung out of the merged bubble.
	Vertical leaping of the bubble is initiated by nucleation jet flow.
	In the leaping process, the combination of lift force applied by the jet flow and the buoyancy force causes bubble rise above the wire. After the bubble rise, its diameter starts to decrease due to condensation. Thereafter, the Marangoni thrust force pushes the bubble back to the wire.
	In some cases, when a bubble reaches a nucleation jet, the bubble stops and starts to decrease in size, then reverses its direction and continues with its normal growth process.
	When a bubble reaches a critical diameter, the buoyancy force overcomes the capillary force. Thus, the detachment process occurs. Besides, lifting force arises either from the nucleation jet or coalescence impact and initiates the bubble detachment.
	Nanoparticles seem to facilitate the oscillation behaviour of a moving bubble between two stationary bubbles, due to an increase in the friction force, thereby decreasing the contact angle and increasing the contact line force.  Thus, more stationary bubbles form.
	In few cases, deposition of nanoparticles on the surface, changes the Marangoni force and surface tension force and causes bubble jump while approaching a smaller one just before coalescence.
	Increasing the nanoparticles concentration causes the bubble sticking behaviour on the wire possibly due to the increase in both friction force associated with nanoparticle deposition and horizontal component of contact line force.
	At a higher mass fraction, stick-slip-like behaviour is observed. Nucleation jets or tiny bubbles are responsible for this event.
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